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RIBF Theory Forum : white paper (2008)

 Unveil new properties of atomic nuclei by controlling the proton 
and neutron numbers

 Explore the new phases and dynamics of nuclear matter at several
proton and neutron densities  

 Understand the origin of elements and several nuclear phenomena 
in the universe

 Challenge the physics of superheavy elements
 Systematize microscopic nuclear many-body theories

RIBF theory forum
the first members (2005 - 2014):

Itagaki, Utsuno, Kanada-En’yo, 
Ogata, Ono, Kohama, Sakurai, 
Nakatsukasa, Hagino, Honma, 
Matsuo, Mochizuki, Yabana



Report on future of nuclear physics in Japan  
(working group on unstable nuclei: chaired by Aoi-san)  2013

 the limit of existence: exploration of terra incognita 
 single-particle motions and magic numbers 
 n-nucleon correlations
 deformations
 EOS
 nuclear astrophysics

“Six view points for research of unstable nuclei”



 the limit of existence: exploration of terra incognita 
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cf. previous MSU data

E. Lunderberg et al., PRL108 (‘12) 142503

 Two-neutron decays
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Three-body model calculation
K.H. and H. Sagawa, PRC93 (‘16) 

 good reproduction of the data
(both g.s. and the 2+ state)

 Two-neutron decays

2+ state



25O (3/2+) 26O (2+)
Experiment + 749 (10) keV 1.28+0.11

-0.08 MeV
USDA 1301 keV 2.4 MeV
chiral NN+3N 742 keV 1.64 MeV
continuum SM 1002 keV 1.87 MeV
3-body model 
(Hagino-Sagawa)

749 keV (input) 1.282 MeV

(d3/2)21.498

0+0.018

2+1.282

26O

(0.418) dineutron 
correlation

(MeV)

I = 0 I = 2

K.H. and H. Sagawa, PRC93 (‘16) 
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 good reproduction of the data
 prediction for angular distribut.

 Two-neutron decays

2+ state



12Be

Future perspectives (two-neutron and multi-neutron decays):
 MSU data

13Be 14Be 15Be 16Be

A. Spyrou et al., 
PRL108(‘12)

9Li 10Li 11Li 12Li 13Li

Z. Kohley et al., PRC87(‘13)

 better data with RIBF?
 measurement for the angular distribution?
 measurement of spin of emitted neutrons?
 role of three-body interaction?
 extension of the three-body model: deformed core / core+4n model
 28O experiment (Y. Kondo et al.)



Future perspectives (two-neutron and multi-neutron decays):

2p decay of 
double-IAS  
of 11Li (11B)

g.s. of 11Li

R.J. Charity, L. Sobotka, K.H., et al.
PRC86(‘12)041307(R)

11
3Li8

(g.s.)

11
4Be7

(IAS)

11Be
(g.s.)

T=3/2

T=5/2T=5/2

11B
(g.s.)

T=1/2

11
5B6

(DIAS)

T=5/2

9Li+2p
9Be+p+nT. Teranishi

et al., 
PLB407(‘97)

β stable

12Be(p,2n)11B

33.57(8) MeV



Future perspectives (two-neutron and multi-neutron decays):

cf. one proton decay of medium-heavy proton-rich nuclei

M. Karny, …., K.H., et al., PRL90(’03)012502

Spherical emitter: 145
69Tm (Oak Ridge)

C.C. calculation

 one-neutron decay of medium-heavy 
neutron-rich nuclei (from an excited state)?

 two-neutron decay?

RIBF  post-RIBF:   light/medium-heavy  med.-heavy/heavy  nuclei 

cf. discovery of new p-emitters at RIBF:
93Ag, 89Rh,   I. Celikovic et al., PRL116(‘16)



 nn correlations

11Li 6Her

r
θ12

Ground state density K.H. and H. Sagawa, PRC72(’05)

di-neutron correlations 

three-body model calculations for Borromean nuclei

Dipole transition

K.H., H. Sagawa, T. Nakamura, 
S. Shimoura, PRC80(‘09)

similarity to 
BCS-BEC

K.H., H. Sagawa, 
P. Schuck, J. Carbonel,
PRL99(‘07) 022506. 



Fusion of halo nuclei

1. Lowering of potential barrier 
due to a halo structure

enhancement
2. effect of breakup 
3. effect of transfer

Review of H.I. fusion: K.H. and N. Takigawa, PTP128 (‘12) 1061.

K. H., A. Vitturi, C.H. Dasso, 
and S.M. Lenzi, Phys. Rev. C61 (’00) 



Fusion of halo nuclei

1. Lowering of potential barrier 
due to a halo structure

enhancement
2. effect of breakup 
3. effect of transfer M. Alcorta et al., PRL106(‘11)

12,13,14,15C + 232Th

Review of H.I. fusion: K.H. and N. Takigawa, PTP128 (‘12) 1061.



6He + 238U
Two-neutron transfer reactions: pairing correlations

1H(11Li,9Li)3H

I. Tanihata et al., PRL100(‘08)192502

reaction mechanics?
role of unbound intermediate 

states?

R. Raabe et al., Nature 431 (‘04)823



6He = 4He + “dineutron”

K.H. and H. Sagawa, PRC72(’05)

8He = 4He + two “dineutrons”

HFB calculation
K.H., N. Takahashi, and 
H. Sagawa, PRC77(‘08)

Future perspectives (nn correlations):

heavier neutron-rich
nuclei

surface dineutron
condensation 
in neutron skin??



N. Chamel and P. Haensel, Living Rev. Relativity, 
11 (‘08) 10.

e-capture
(A,Z) +e- (A,Z-1) + νe

nuclear 
fusion

lowering Coul. barrier

Fusion in neutron stars

fusion between two neutron-rich nuclei
large uncertainty in pycnonuclear fusion
effect of large neutron skins?
information on nuclear EOS? 

34Ne + 34Ne etc. accretion 



40Ca+96Zr
0+
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multi-neutron transfer reactions cf. KISS project

new simple Coupled-channels model

40Ca+96Zr

N. Sekine, master thesis (2012)
K.H., N. Sekine, and N. Rowely, 

unpublished (2012)



 Deformations

deformation of hypernuclei

Myaing Thi Win and K.H., 
PRC78(‘08)054311

disappearance of nuclear 
deformation

RMF in 3D mesh 
density of 80Zr (tetrahedral def.)

Y. Tanimura, K.H., H.Z. Liang,
PTEP 2015 (‘15) 073D01

Λ 



deformed halo nuclei

I. Hamamoto, PRC69(‘04)041306(R)
(deformed Woods-Saxon)

l = 0

l = 2

halo: l = 0 or 1 only

but in a deformed potential, 

large E1 prob. for 31Ne

T. Nakamura et al., PRL103(‘09)

also large σreac
M.Takechi et al., PLB 707(‘12) 

deformed halo nucleus?



analysis with particle-rotor model (coupled-channels method)

Ic

(IM)
j,l

30Ne

31Ne

exp.

exp.

consistent both with σbu and σR

Y. Urata, K.H., and H. Sagawa, 
PRC83(‘11) 041303 (R)

Y. Urata, K.H., and H. Sagawa, 
PRC86(‘12) 044613



Odd-even staggering in reaction cross sections

30

31

32

M.Takechi et al., PLB 707(‘12) 

spherical symm.

K. H. and H. Sagawa, PRC84(‘11)

32Ne

31Ne

30Ne

Glauber model



Future perspectives: deformed halo nuclei

Possibility of a heavy halo nucleus
what is the heaviest halo nuclues? cf. 127Ru (Hamamoto, PRC85)

“Fine structure” in breakup/transfer reactions
direct population of the 2+ state after breakup/transfer 

0+ 

2+

core + n cf. proton decay

Influence on low-energy heavy-ion reactions (e.g., sub-barrier fusion)
interplay between 
breakup/ transfer/ rotational 
couplings

R. Rafiei et al.,
PRC81(‘10)024601

direct 
population
of 2+ in 8Be

breakup 
from 8Be*



 Single-particle motions and magic numbers

 disappearance of 
N=8, 20

 appearance of 
new magic #
N=16,32,34

 new magic 
numbers in 
heavier n-rich 
nuclei?

(medium-) heavy nuclei: correlations
- pairing
- deformation
- collective motions

effects on 
shell evolution?



shell evolution in medium-heavy/heavy nuclei
self-consistent mean-field approach

 oxygen anomaly

 three-body force
 tensor interaction

T. Otsuka et al., 
PRL95(‘05)232502
PRL105(‘10)032501

 correlations due to “beyond-mean-field-approximation”
 fluctuation of mean-field: generator coordinate method
 particle-vibration couplings



J.M. Yao, K.H. et al., 
PRC89 (‘14) 054306

76Kr

 beyond MF (GCM) calculations  particle-vibration couplings
40Ca

G. Colo, H. Sagawa, 
and P.F. Bortignon, PRC82(‘10)

 shell closures in heavy n-rich nuclei
 collective and s.p. motions 
need high performance computing



Z=82 
effectPb

α-decay reduced width 
(pre-formation factor)

disappearance of 
Z=82 effect?

 disappearance of Z=82 in 
p-rich Pb isotopes?

 deformation in p-rich Po 
isotopes?
(A.N. Adreyev et al., 
PRL110 (‘13) 242502)

RIBF/ p-RIBF
N=82 in n-rich nuclei?

cf. H. Watanabe, PRL111(‘13)
a large shell gap at 128

46Pd82

Z=82 in p-rich nuclei?
theory
alpha-decay theory cf. SHE

210Pb



α decays: as complex as fission

nuclear structure information

large ambiguities
how to calculate Sα for n-rich and p-rich nuclei?
clustering probability on the surface?
α-daughter potential (especially inside)? 

α



Super-heavy nuclei

coupled-channels method
Langevin approach
V.I. Zagrebaev and W. Greiner, NPA944(‘15)257

statistical model

Ec.m. (MeV)

10

1

0.1

Evap. resid. cross section (pb)



34S + 238U 

Y. Aritomo, K.H., K. Nishio, S. Chiba, PRC85(’12)044614

compound

capture

ER

coupled-channels (entrance)     K.H.
+ Langevin (touching to CN)    Aritomo
+ statistical model                     Aritomo

Butsuri (Oct., 2013) 



towards the island of stability neutron-rich beams?
(i) Entrance

 Quasi-elastic barrier distribution 
with GARIS 
(Y. Tanaka, K. Morita, 2015)

 C.C. calculation: CCFULL
(K.H. et al., CPC123(‘99)143)

 theory: K.H. and N. Rowley, 
PRC69(‘04)054610

(ii) Langevin
combination to 
n-evaporation

(iii) statistical model
decay dynamics of 
hot n-rich nuclei

48Ca+208Pb

quantal theory for DIC?
cf. multi-nucleon transfer  

nuclear friction?

barrier 
distribution



Fission

still a very challenging problem for nuclear theory

Time-indep. approach Time-dep. approach

Induced fission Bohr-Wheeler Langevin-type
Discrete basis 

(Bertsch)

Spontaneous
fission

PES+Mass+WKB Im.-time TDHF
(Negele)
Time-dep. Hill-

Wheeler (Goutte et al.)
TDHF 

(after the barrier)

J. Sadhukhan, W. Nazarewicz, N. Schunck, 
PRC93(‘16)011304(R)



Fission

still a very challenging problem for nuclear theory

Time-indep. approach Time-dep. approach

Induced fission Bohr-Wheeler Langevin-type
Discrete basis 

(Bertsch)

Spontaneous
fission

PES+Mass+WKB Im.-time TDHF
(Negele)
Time-dep. Hill-

Wheeler (Goutte et al.)
TDHF (after barrier)

which degrees of freedom?  (time-indep. approaches)
how to deal with many-body tunneling? (time-dep. approaches)

issues:



Other future theoretical issues: 
From phenomenological models to more microscopic models

• C.C. with microscopic inputs  c.f. J.M. Yao and K.H., PRC91(‘15) 
• DFT for spontaneous fission 
• TDHF approach

“Beyond mean-field” approximations
Full time-dependent GCM? 

many-body tunneling

cf. Quantum Chemistry
“Quantum tunneling using entangled 
classical trajectories”

A. Donoso and C.C. Martens, 
PRL87 (‘01) 223202



 Theory-experiment couplings

slide: Brad Sherrill
all the ingedients are important



 Theory-experiment couplings

slide: Brad Sherrill

cf. Three types of theoretician (Uesaka-san)
i) Totally independent to experiments
ii) those who make calculations for experimentalists (useful, but…)
iii) those who promote mutual developments between theo. and expt.  



35 joint papers with experimentalists / 152 original papers (1994-2016)
29: H.I. subbarrier fusion reactions     2: hypernuclei
2: neutron-rich nuclei
2: proton decays

my personal theory-experiment couplings



FRIB theory alliance March 31-April 1 Inaugural meeting

“Enhancing theory efforts 
nationally”



Summary: personal perspectives of the next 10-20 years

strong experiment-theory couplings: essential

 Structure and reactions of n-rich medium-heavy and heavy nuclei
 halo and skin structures (deformation, surface dineutron condensation) 
 decay dynamics (nuclei beyond the drip lines, excited states) 
 influence on low-energy nuclear reactions (fusion, pair transfer) 

 Shell evolution in heavy neutron-rich nuclei
 Stability of  N=82, Z=82 shells
 theory of alpha decays
 extension of mean-field models with several correlations
 structure of SHE

 Physics of superheavy elements
 theory of multi-nucleon transfer reactions
 combining the coupled-channels approach with Langevin calculation
 estimate of fusion cross sections with neutron-rich beams
 theory of nuclear fission
 “beyond mean field” approach for nuclear reactions 

(description of many-particle tunneling)

RIBF

HPC



Activity (a.u.)
nuclear structure
nuclear reaction

p/d accel. HI accel.
Fusion

Atomic Bomb

RIB accel.?
Laser ?

HE-HI reaction No waste?

85654525 05 25

Halo

In-beam γ ?

05

Shell

liquid-drop

?

RRC RIBF1602nd ??

AMDIBMCollectiveCompound ??

Year

Sakurai-san’s slide (2008)



Activity (a.u.)
nuclear structure
nuclear reaction

p/d accel. HI accel.
Fusion

Atomic Bomb

RIB accel.?
Laser ?

HE-HI reaction
No waste?

85654525 05 25

Halo

In-beam γ ?

05

Shell

liquid-drop

?

RRC RIBF1602nd ??

AMDIBMCollectiveCompound ??

Year

Sakurai-san’s slide (2008)

shell 
evolution

SHE

TDHF
BMF

post-RIBF

2016!
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